Purpose: To compare two pulsed, volumetric chemical exchange saturation transfer (CEST) acquisition schemes: steady state (SS) and pseudosteady state (PS) for the same brain coverage, spatial/spectral resolution and scan time. Methods: Both schemes were optimized for maximum sensitivity to amide proton transfer (APT) and nuclear Overhauser enhancement (NOE) effects through Bloch-McConnell simulations, and compared in terms of sensitivity to APT and NOE effects, and to transmit field inhomogeneity. Five consented healthy volunteers were scanned on a 7 Tesla Philips MRsystem using the optimized protocols at three nominal B 1 amplitudes: 1 mT, 2 mT, and 3 mT. Results: Region of interest based analysis revealed that PS is more sensitive (P < 0.05) to APT and NOE effects compared with SS at low B 1 amplitudes (0.7-1.0 mT). Also, both sequences have similar dependence on the transmit field inhomogeneity. For the optimum CEST presaturation parameters (1 mT and 2 mT for APT and NOE, respectively), NOE is less sensitive to the inhomogeneity effects (15% signal to noise ratio [SNR] change for a B 1 dropout of 40%) compared with APT (35% SNR change for a B 1 dropout of 40%). Conclusion: For the same brain coverage, spatial/spectral resolution and scan time, at low power levels PS is more sensitive to the slow chemical exchange-mediated processes compared with SS.
INTRODUCTION
Chemical exchange saturation transfer (CEST) has been used extensively to measure low concentration solutes through exchange of labile protons with water detected by means of the z-spectrum (1, 2) . Two particularly prominent z-spectrum features are amide proton transfer (APT) and nuclear Overhauser enhancement (NOE) related peaks, both of which are believed to originate from endogenous mobile proteins and peptides localized in the cellular cytosol. APT is associated with mobile protein content (3) (4) (5) and is pH dependent (6) (7) (8) , whereas the NOE effect has been reported to be linked to tissue cellularity (9) and cellular membrane fluidity (10) . The sensitivity to both features is highly sequence dependent.
Z-spectrum imaging ideally uses three-dimensional (3D) acquisitions to provide whole brain coverage at high sensitivity and two 3D acquisition schemes are currently described in literature. Both are pulsed saturation techniques which can operate well within amplifier duty cycle and specific absorption rate limitations, and can be used to provide high resolution images in a reasonable time. The first is based on the standard magnetization transfer (MT) imaging technique: a steady-state (SS) acquisition alternating brief periods of saturation and image acquisition (11, 12) . The second prepares the magnetization with a prolonged saturation before an extended readout period, where the prolonged saturation achieves a pseudosteady state (PS) before the image acquisition (13, 14) .
The aim of this study was to compare the SS and PS approaches for the same brain coverage, spatial/spectral resolution and scan time. First, simulations based on a fourpool Bloch-McConnell model (15) were used to optimize both sequences for maximum sensitivity to APT and NOE effects, considering the number of saturation pulses, transmit field amplitude and duty cycle. Second, the optimized SS and PS protocols were systematically compared in terms of the sensitivity to APT and NOE, and to transmit field inhomogeneity. This study provides a framework for the rational choice of pulsed 3D z-spectrum acquisition scheme.
METHODS
The SS and PS 3D CEST sequences used are shown in Figure  1 . The SS sequence (Fig. 1A) consists a single, short, offresonance, presaturation radiofrequency (RF) pulse (applied at a specific frequency offset relative to water), a crusher gradient to destroy residual magnetization in x-y plane and a segmented 3D echo planar imaging (EPI) readout. This module is repeated at a relatively short repetition time (TR).
Suppression of the water's longitudinal magnetization due to exchange competes with its T1-relaxation (T1w) during the delay between the saturation and the readout. The SS magnetization is built up over the multiple sequence repetitions, with the rate of build-up of saturation being governed by tissue T1w. k-space is sampled from high to low spatial frequencies so that the center of k-space is sampled when the SS has been established. The PS sequence (Fig. 1B) consists of a train of short, off-resonance, presaturation RF pulses (applied at a specific frequency offset relative to water), a crusher gradient for destroying residual transverse magnetization and a segmented 3D turbo factor (TFE) readout with a delay of 2 s for T1w recovery to increase the signal-to-noise ratio (SNR). The number of pulses in the train determines the level of saturation. Competition between suppression and longitudinal recovery of the water's longitudinal magnetization occur during the time between saturation pulses.
Data acquisition starts in the center of k-space to maximize sensitivity to the saturation. The relationship between flip angle (FA) and sensitivity depends on the SS longitudinal magnetization at the end of each readout train, the subsequent suppression of the longitudinal magnetization at the start of the readout train and the readout FA. Therefore, in general the optimum FA will be higher than the Ernst angle. However, a high FA creates a rapid evolution of signal at the start of k-space and hence a broadened point spread function. After two dummy acquisitions, phase encoding is applied radially to sensitize the center of kspace to the preparation steps. Three shots of the sequence shown in Figure 1B are required to reach PS.
Numerical Simulations
Both SS and PS CEST techniques were optimized for maximum sensitivity to APT and NOE effects through BlochMcConnell equation simulations (15) . The following sequence parameters were investigated: the number of saturation pulses (saturation time), transmit field amplitude and duty cycle. Gradient (GR) and RF spoiling was simulated by setting the transverse magnetization components to 0. All other sequence parameters are the same as for data acquisition (see the Data Acquisition section below).
Four-pool (water, APT, NOE, and super-lorentzian lineshape MT) Bloch-McConnell equations were solved numerically (16) assuming white matter parameters (Table  1 ) similar to those reported in Mougin et al (14) . The T1 values of all pools other than water were fixed to 1 s (17) . This model assumes that there are only four pools in the system and that the only interactions are with water. APT (amplitude at 3.5 ppm) and NOE (amplitude at -3.5 ppm) effect sizes (contributions to the z-spectrum) were quantified by the pool difference method:
APT ¼ Sð3:5ppm; M A ¼ 0Þ À Sð3:5ppm; M A ¼ 1Þ [1] where APT is the effect size of APT, S(Dx,MA) is the simulated signal in the z-spectrum at Dx ¼ 3.5 ppm, and MA is the simulated amplitude of the APT compartment. A similar expression can be written for NOE effect size at Dx ¼ -3.5 ppm. The sensitivity to APT or NOE can be calculated as follows (18) :
where APT is defined in Eq. [1] and SNRIo is the SNR of the control scan which is further defined for the gradient field echo readout as: where Inorm is the normalization signal (at 300 ppm). This was estimated by simulating the evolution of the longitudinal magnetization at the center of k-space taking account of the readout pulses and delays in the sequence; for white matter the longitudinal magnetization at that point was found to be 0.76 Mo for the SS sequence and 0.82 Mo for the PS sequence. A constant scan time and a noise level of 1% Mo was assumed for both SS and PS. A similar expression can be written for NOE. The effect of RF inhomogeneity on the saturation was characterized using:
where S is the saturation at different fractions of the expected amplitude of B1.
Data Acquisition
The study was approved by the local ethics committee of the University of Nottingham Medical School and all of volunteers gave informed consent. All experiments were performed on a 7 Tesla (T) Achieva MR system (Philips, Best, The Netherlands) using a quadrature transmit coil with a 32-channel-receive head coil (NOVA medical). Five healthy, consented, subjects were scanned using two CEST protocols at three nominal B1 amplitudes (1 mT, 2 mT, and 3 mT). The SS CEST protocol was as follows (11): saturation prepulse (a single RF-spoiled 25-ms sinc-gauss pulse followed by a 50-mT/m spoiler of 10 ms) interleaved with a sagittal, segmented EPI readout (EPI factor 13 with a binomial RF pulse for water only excitation), TR/echo time (TE)/FA ¼ 58 ms/6 ms/10 , center of k-space weighted acquisition, the k-space center is measured at 8.8 s, time per volume 16.9 s, total scan time for z-spectrum 10 min 27 s. An FA of 10 for SS was chosen as approximately the Ernst angle.
The PS protocol was as follows (14): saturation prepulse (a train of 40 RF-spoiled 25 ms sinc-gauss pulses interleaved with a sinusoidal-modulated GR-spoiler, duty cycle 50%); readout (axial acquisition, three-shot TFE, TFE factor of 550, intershot interval 2 s, TR/TE/FA ¼ 2.3 ms/1.05 ms/10 , phase encoding spirals out from the center of k-space in y-z); two dummy scans, time per volume 15.9 s, scan time 10 min 18 s. An FA of 10 for PS was chosen as a trade-off between sensitivity and point spread function. The parameters for both sequences were chosen to match the total acquisition scan times as closely as possible. In both cases, the field of view (FOV) was 150 Â 224 Â 208 mm 3 and the voxel size was 2 mm isotropic with SENSE factor 2. Second-order shimming was applied to improve the homogeneity of the magnetic field across the whole brain. The CEST spectra were sampled at 37 frequency offsets (Hz): 0, 625, 675, 6150, 6300, -500, -550, 6600, -675, 6800, 850, 6900, 960, 1020, -1050, 1080, 1140, 61200, 1260, 61500, 61560, 61600 (scans were also acquired at 6100 kHz relative to the water frequency for normalization). A T1-weighted anatomical image was used to produce white matter (WM) and gray matter (GM) masks. A B1 map was acquired based on a dual TR sequence (19) and subsequently scaled to reflect the ratio between actual B1þ and nominal B1þ. For SNR estimations, a noise image was obtained by switching off all of RF pulses and gradients.
Data Processing
CEST data were coregistered to the mean volume in FSL [FMRIB v6 .0, UK, FLIRT (20, 21) ]. For region of interest (ROI) positioning, a B1 map was overlaid on a WM mask. Three small ROIs (100 mm 2 ) were placed on a B1 map in different WM brain regions with B1 values at approximately 70%, 80%, and 100% of the nominal value (Fig.  2) . For the three nominal B1 amplitudes, these three gave ROIs for nine actual B1 values of 0.7 mT, 0.8 mT, 1.0 mT, 1.4 mT, 1.6 mT, 2.0 mT, 2.1 mT, 2.4 mT, and 3.0 mT. Before the averaging, each spectrum in the ROI was B0-corrected pixel-wise by estimating the minimum of CEST spectrum (spline interpolated to a resolution of 1 Hz) and shifting the whole z-spectrum accordingly (22) . CEST spectra from these ROIs were used to estimate APT and NOE effect sizes (termed APT* (Eq. [5] ) and NOE* (Eq. [6] )) using the three-point method which is an approximation because it assumes a linear baseline (23) :
To compare the sensitivity of the sequences, we have estimated the APT or NOE effect size relative to noise (SNRAPT* and SNRNOE*). This was derived by standard error propagation through Eq.
[5] to give:
where Noise is the standard deviation in the measured value of Mz (assumed to be the same at all frequency offsets). A similar expression can be formed for SNRNOE*. All the simulations, data processing (apart from motion correction and anatomical image segmentation) and analysis were done in MATLAB (The Mathworks Inc., Natick, MA). A t-test was performed using the statistics toolbox in MATLAB to compare the data at the 5% significance level. The statistical comparison between SS and PS was made at the three nominal B1 levels: 1 mT, 2 mT, and 3 mT (pooling data across the different ROIs at each nominal value and across subjects). Figure 3 shows the simulated variation in APT and NOE signals during the approach to SS for increasing number of saturation pulses (also recalculated as time-pervolume, note the double axes) for different values of T1w, for both the SS and PS sequences. It is important to note that the number of saturation pulses corresponds to the number of TR repeats for SS and the number of pulses in a train of pulses for PS. As expected, for longer T1w more saturation pulses are required to reach the SS. The tissue T1w in the healthy human brain can vary between 1.1 s and 2.2 s for WM and cortical GM, respectively (24, 25) . Therefore, the number of saturation pulses for SS (Figure 3 , left) was chosen to be 152 (or 8.8 s to reach the center of k-space, corresponding to minimum time-per-volume of 16.9 s), where both APT and NOE effects approximately plateau in both WM and GM. The number of saturation pulses for PS (Figure 3, right) , was chosen to be 40 (or 15.9 s for time-per-volume), because at that point both APT and NOE effects are within 25% of their maxima for WM and GM. For the PS sequence, increasing the number of saturation pulses increases the scan length and, therefore, limits the number of points at which the z-spectrum can be sampled (spectral resolution) for a fixed scan time.
RESULTS

Numerical Simulations
The chosen saturation pulse parameters were used in the subsequent simulations to determine the B1 amplitude and duty cycle providing maximum sensitivity to APT and NOE effect sizes (Fig. 4) . For the SS sequence (Figure 1, top) , the duty cycle is defined as the ratio of the time required for the presaturation to TR, whereas for the PS sequence (Figure 1, bottom) , the duty cycle is just determined by the interpulse delay for the train of presaturation pulses. The SS scheme was found to give maximum APT effect size (Eq. [1] ) (Figure 4 , top left) at a B1 of 1 mT and 43% duty cycle (maximum allowed for the imaging readout used here) and maximum NOE effect size (Eq. [1] ) (Figure 4 , bottom left) at a B1 of 2 mT and 43% duty cycle (maximum allowed for the imaging readout used here); whereas PS scheme gave maximum APT effect size (Figure 4 , top right) at a B1 of 1 mT and 50% duty cycle and maximum NOE effect size (Figure 4 , bottom right) at a B1 of 2 mT and 50% duty cycle. The optimum duty cycle was largely insensitive to the number of saturation pulses for both sequences (not shown).
The effect size shown in Figure 4 is greater for the SS sequence than the PS sequence but it is the sensitivity (SNR in a constant time, Eq. [2] ) that must be considered. Figure 5 compares variation in APT and NOE SNR with B1 amplitude, for the SS and PS sequences chosen to maximize APT and NOE effects sizes using the saturation parameters derived above. In the simulations, PS is more sensitive to APT and NOE effects at all power levels.
For the optimum saturation powers (1 mT and 2 mT for APT and NOE, respectively), both SS (43% duty cycle) and PS (50% duty cycle) demonstrated similar sensitivity to B1 inhomogeneity (Fig. 5) . For a B1 dropout of 40%, the saturation loss (Eq. [4] ) and the change in SNR (Eq. [2] ) were found to be 6% and 35%, respectively, for APT, and 20% and 15%, respectively, for NOE, for both sequences. These results suggest that NOE effect is less sensitive to the transmit field inhomogeneity than APT.
In Vivo Studies Figure 6 shows examples of spectra acquired with both methods. The raw images acquired at 3.5 ppm (APT offset) and -3.5 ppm (NOE offset) using both SS and PS schemes at 1 mT, 2 mT, and 3 mT are shown in Figure 7 . The visual inspection of the raw images shows that WM/ GM contrast is enhanced from 1 mT to 3 mT due to the B1-dependent MT effect. This is clearly seen in the normalized images (Fig. 7) , which show similar amount of overall MT contrast present per saturation power in SS and PS images.
In Figure 8 , the SNRAPT* and SNRNOE* measured in the ROIs indicated in Figure 2 and averaged over the subjects are plotted against actual B1 for both SS and PS schemes. SS and PS have maximum sensitivity to APT and NOE effects at relatively low B1 of 0.7-1.0 mT, and at this low power PS is more sensitive to APT and NOE than SS (P < 0.05). This is also reflected in the error bars of Z-spectra acquired at an actual B1 of 0.7 mT (Fig. 6 ).
DISCUSSION
In this work, we compared two pulsed 3D acquisition techniques that have been proposed for high resolution CEST imaging in the literature: an SS and a PS CEST image acquisition for the same brain coverage, scan time and spatial and spectral resolution. Both sequences were optimized for maximum sensitivity to APT and NOE effect sizes by varying the number of saturation pulses, transmit field amplitude, and duty cycle in simulations based on Bloch-McConnell equations. The optimized sequences were then compared on the basis of sensitivity (SNR/time) to APT and NOE effects, and to transmit field inhomogeneity. According to the simulations, PS is more sensitive to both APT and NOE effects at all power levels simulated. Both acquisition schemes have similar dependence on the transmit field inhomogeneity. Experimental data confirm that PS has superior sensitivity to APT and NOE effects compared with SS at low power levels.
Numerical Simulations
SS CEST image acquisition
SS scheme comprises a short single pulse for saturation followed by a segmented 3D EPI readout with a short TR, producing low saturation efficiency due to an intrinsically low duty-cycle. Multiple sequence repetitions are required to build up the SS and data acquisition starts at a high frequency end of k-space so that the SS has been established by the time the center of k-space is reached. In vivo APT effect size is on the order of 1%, so the signal instability must be less than 1%. The rate at which the SS is reached is determined by T1w and the SS scheme must be optimized taking account of the maximum tissue T1w. For the normal healthy brain where tissue T1w can be as high as 2.2 s (25), stability is reached in ca. 8.8 s (or 152 TR repeats, corresponding to minimum time-per-volume of 16.9 s). However, the effect of T1w on the rate of reaching SS is an important factor to consider especially in tumors (26, 27) where T1w can be longer.
Because saturation and image acquisition are interleaved in SS scheme, highest duty cycle is limited by the need for an image readout period. The maximum possible sensitivity to APT (Figure 4 , top left) and NOE ( Figure 4 , bottom left) effect size for the maximum 43% duty cycle simulated here, was found to be for B1 of 1 mT and 2 mT, respectively. This result is in line with the literature. For this sequence, the maximum APT effect size was previously predicted to occur at a B1 of 1 mT (12), experiments later confirmed this (28) , and only found a marginal change in NOE effect size between B1 levels of 0.9, 1.4, and 1.9 mT (28).
A stronger main magnetic field is advantageous for CEST due to enhanced chemical shift dispersion, longer relaxation times and increased SNR, but transmit field inhomogeneity also increases with field strength. Figure  5 shows that at optimum power the sensitivity to exact B1 amplitude is quite low.
PS CEST image acquisition
The PS scheme comprises a train of saturation pulses and a segmented 3D TFE readout and an intershot delay of 2 s for signal recovery. Because a saturation train of a few seconds (typically 5 Â T1w) is required to reach the SS, the total scan time can be reduced by acquiring the images in the PS by optimizing the number of saturation pulses, number of TFE shots and an intershot delay. In this work, we chose to match FOV spatial/spectral resolution and the total scan time of the PS and SS acquisitions. The number of pulses in the train of saturation pulses was chosen to maximize APT and NOE effects. Because the maximum tissue T1w in the healthy human brain can be as high as 2.2 s (25), near-optimum APT and NOE effects are reached in 40 pulses (or 15.9 s for time-per-volume). Three TFE shots are required to reach the PS and an intershot delay of 2 s was introduced for signal recovery to increase SNR.
Similar to the SS acquisition scheme (Fig. 4) , maximum sensitivity to the effect size of APT (Figure 4 , top right) and NOE ( Figure 4 , bottom right) was found at 50% duty cycle and a B1 of 1 mT and 2 mT, respectively. This duty cycle dependence of APT and NOE effects can be explained by the signal evolution during the mixing time (a delay between the saturation pulses in a train of pulses) (29) . The rate of APT and NOE signal build-up during the mixing time depends on the exchange rate of the labile protons and T1w. For the optimum CEST prepulse parameters, both SS and PS have similar dependence on the transmit field inhomogeneity effects (Fig. 5) .
In Vivo Studies
The three point analysis method is very sensitive to noise (because it involves none of the smoothing inherent in alternative fitting approaches); therefore, in this work we have only considered ROI analysis. There is reasonably good agreement between the simulations (Fig.  5 ) and the experiments (Fig. 8) for APT sensitivity which is maximum at relatively low B1. At this low power level (0.7-1.0 mT), PS has superior sensitivity to both APT and NOE effects. This can also be seen in the error bars of Z-spectra acquired at a B1 of 0.7 mT using both sequences (Fig. 6 ). Both APT and NOE effects are considered to be in the slow exchange regime and whether the results are applicable to the other metabolites containing faster exchanging protons, e.g., amine and hydroxyl, requires a further investigation. The experimental SNR for NOE exceeded the simulated prediction, suggesting errors in the parameters or numbers of pools assumed in the simulation, including possible MT asymmetry (6, 11, 14, 30, 31) , and the use of the approximate threepoint model to fit the data. The correlation coefficient (R) between the sequences was found to be 0.84 and 0.92, for APT and NOE SNR, respectively (Fig. 8) . This suggests that the sequences have similar sensitivity to the effects of transmit field inhomogeneity.
The scan time for the SS scheme is limited by the amount of time it takes to reach the SS, which is in turn dictated by water T1w. Therefore, SS is limited to only 3D acquisitions because it needs to have enough phaseencoding steps to establish the SS. On the other hand, the PS scheme is more flexible due to the potential trade-off between the saturation level (number of saturation pulses), brain coverage and spatial and spectral resolution. This trade-off is assisted by its inherently greater SNR, due to the delay for T1 recovery in between each shot in multishot TFE readout.
In this work Figure 7 . shows that the PS images are blurry compared with those of SS due to the variation in signal during the TFE readout (14) . A shorter TFE readout combined with a longer TR would sharpen the PSF, but would also reduce the FOV by decreasing the number of phase encoding steps per TFE readout for a fixed scanning time. For instance, we have previously reported a spatial resolution of 0.4 mm 2 with an excellent image quality over a smaller volume using this sequence (14) . The blurring could be compensated for by increasing the number of readout shots and consequently the scan length or alternatively by reducing the readout FA. Another advantage of PS acquisition scheme is that the mixing time between the pulses used for labelling exchangeable protons can be readily modified, giving a potential duty cycle of 0-100%. As a result of this flexibility the sequence can be sensitized to labile protons with a specific exchange rate for instance using the variable delay multipulse CEST approach (29, 32) . The sharpness in SS images can also be affected by EPI distortions. In this work, we chose to match SS and PS in terms of brain coverage, spectra resolution, and the total scan time, but other features such as image sharpness could be investigated as well.
CONCLUSIONS
In this report, SS and PS pulsed 3D CEST acquisition schemes were compared at 7T in terms of the sensitivity to APT and NOE, and to transmit field inhomogeneity for the same brain coverage, spatial/spectral resolution and scan time. Bloch-McConnell equation simulations were used to investigate the effects of the number of saturation pulses, transmit field amplitude, and duty cycle, to optimize both sequences for maximum sensitivity to the effect size of APT and NOE. The results of this study suggest that PS is superior to SS in terms of sensitivity for the imaging of the slow chemical exchange mediated processes at low power levels. Both acquisition schemes were found to have similar sensitivity to transmit field inhomogeneity effects.
